Abstract. A laboratory study was conducted to investigate the effects of adding an intermediary byproduct of olive oil extraction (alperujo or solid olive-mill waste, SOMW) on the sorption, degradation and leaching of the herbicide simazine in a sandy loam soil. The effect of SOMW addition on soil porosity was also assessed. The soil was amended in the laboratory with SOMW at two different rates (5% and 10% w/w). Simazine sorption isotherms showed a great increase in herbicide sorption after SOMW addition to soil; sorption increased with the amount of SOMW added. Incubation studies showed extended persistence by reduced biodegradation of simazine in the soil amended with SOMW compared with the unamended soil. Although the addition of SOMW to soil increased the total porosity, breakthrough curves of simazine in handpacked soil columns showed that SOMW addition retarded the vertical movement of the herbicide through the soil and reduced the total amount of herbicide leached. It appeared that the longer residence time of simazine in the amended soil columns (>20 days) compared with that in the unamended soil column (<20 days) allowed enhanced degradation and/or irreversible sorption under column leaching conditions. The results revealed important changes in herbicide behaviour upon SOMW addition, con®rming the need to assess these changes in order to optimize the combined use of organic wastes and soil-applied pesticides.
I N T R O D U C T I O N
T he current technology of olive oil manufacture consists of milling followed by centrifuging to generate a liquid phase (olive oil) and a solid organic byproduct (alperujo or solid olive-mill waste, SOMW). In the region of Extremadura (Spain), olive oil production generates approximately 39 000 t of olive oil and 155 000 t of SOMW each year (MAPA 2001) . Usually, the SOMW byproduct is sent for further chemical and thermal treatment in order to obtain a lower-quality olive oil, which also generates a ®nal solid residue (SOMW2) with lower organic matter content than the ®rst residue (SOMW).
Addition to agricultural soils has been proposed as an alternative solution to dispose of SOMW, which could be economically and environmentally more interesting than its chemical and thermal treatment. The low organic matter content of most Mediterranean soils along with their erosion problems, aggravated by intensive irrigation, would make SOMW addition particularly useful to enrich the organic matter content of the soils and improve their structural characteristics. In addition, SOMW is free of heavy metals and pathogenic microorganisms, which reduces concern about their use compared with other organic residues such as sewage sludges.
The rates and frequency of the application of organic residues to agricultural soils are usually calculated in terms of nutrient release or content of toxic chemicals, such as nitrate and heavy metals, but rarely do these calculations take into account the effects of these amendments on other compounds applied to land, such as pesticides. In order to optimize the use of organic wastes as soil amendments in agriculture, this kind of side-effect needs to be assessed. In fact, increased interest has recently been devoted to the consequences of exogenous sources of organic matter on the behaviour of pesticides in soils (Bellin et al. 1990; Barriuso et al. 1995; Baskaran et al. 1996; Businelli 1997; Cox et al. 1997 Cox et al. , 2001 Sa Ânchez-Camazano et al. 2000) .
In this article, we report the effects of the addition of the ®rst byproduct of the current olive oil industry (solid olivemill waste, SOMW) on sorption, degradation and leaching of the herbicide simazine in a sandy loam soil. Simazine sorption by soil has been related to mineral and organic soil components and their associations (Celis et al. 1998a,b) . The soil was sampled from an olive-growing area and simazine was selected for study because of its widespread use in olivegrowing areas of Mediterranean regions, which has resulted in ground and surface water contamination above the permitted limit of 0.1 mg L ±1 (Tauler et al. 2001) . Because organic amendments can affect soil structure by different mechanisms, such as aggregation of soil particles or creation of pore space, the effect of SOMW addition on soil porosity was also investigated.
M A T E R I A L S A N D M E T H O D S

Materials
The soil used in this study was a sandy loam soil, classi®ed as a Chromic Luvisol, from an olive-growing area located in Badajoz (southwestern Spain). It had a cation exchange capacity of 5.36 cmol kg
±1
. The soil, which had been treated with simazine during the last 8 years at a rate of 2.3 kg ha ±1 , was sampled (0±25 cm), air-dried, and sieved through a 2-mm mesh before use. The soil was amended in the laboratory with 0, 5 and 10% (w/w) of solid olive-mill waste (SOMW) from an olive-processing factory near Badajoz. The solid waste was air-dried and ground to a ®ne powder before its addition to the soil. The amended soils were thoroughly mixed to mimic the most likely practice on farms, in which the waste is surface-applied and immediately incorporated into the topsoil. Assuming an average soil bulk density of 1.35 g cm ±3 and that the amendment is incorporated into the top 10 cm of soil, the SOMW application rates used, 5% and 10% w/w, correspond to about 60 and 120 t ha ±1 , respectively. These SOMW application rates are similar to those that are likely to be used on farms (about 50 t ha ±1 yr ±1 ) and are within the application rates used for other solid residues, such as sewage sludges (Sloan et al. 1998) . Although 10% is somewhat higher than the expected concentration for an annual application rate, this loading can be achieved in the ®eld after consecutive annual applications. Some physicochemical characteristics of the organic waste and the unamended and amended soils are given in Table 1 .
Simazine (2-chloro-4,6-bis(ethylamino)-1,3,5-triazine) is a non-selective herbicide commonly used in olive-growing areas of Mediterranean regions. It is a colourless solid of melting point = 226°C, vapour pressure = 810 Q 10 ±9 Pa (20°C), and water solubility = 5 mg L ±1 (20°C) (Worthing & Hance 1991) . The herbicide used in this study was high purity simazine (purity = 99%) supplied by Riedel±de Hae Èn (Germany). Ring-UL-14 C-simazine (speci®c activity b 5 mCi mmol ±1 , radiochemical purity b 95%) was purchased from Sigma (Germany).
Sorption±desorption experiment
Duplicate samples of 10 g of unamended or amended soil were equilibrated (24 h) with 10 mL of simazine solutions with initial concentrations, C ini = 1, 2, 5, 8, 10, 15 and 20 mM, prepared in 0.01 M CaCl 2 . After equilibration, the suspensions were centrifuged and the equilibrium concentration (C e ) was determined in the supernatant by high performance liquid chromatography (HPLC). The following HPLC conditions were used: Nova-Pack C18 column (150 mm length Q 3.9 mm i.d.), 70 : 30 water/acetonitrile eluent mixture at a¯ow rate of 1 mL min ±1 , 25 mL injection volume, and UV detection at 230 nm. Preliminary experiments had shown that equilibrium was reached before 24 hours and that no signi®cant degradation occurred during this period. Differences between C ini and C e were assumed to be sorbed. Sorption isotherms were ®tted to the logarithmic form of the Freundlich equation:
log C s = log K f + N f log C e (1) where C s (mmol kg ±1 ) is the amount of herbicide sorbed at the equilibrium concentration, C e (mmol L ±1 ), and K f and N f are the empirical Freundlich constants.
Desorption was measured immediately after sorption by successive dilution from the 5, 10 and 20 mM initial concentration points. After the samples were shaken and centrifuged, 5 mL of supernatant was removed and analysed and 5 ml of 0.01 M CaCl 2 added to the centrifuge tubes. The samples were resuspended, shaken for another 24 hours, centrifuged, and the equilibrium concentration in the supernatant was determined. This desorption procedure was conducted three times.
Incubation experiment
Extractability. A sample of 500 g of soil (unamended or amended) was spiked with 5.7 mL of an ethanol solution of simazine to give a concentration of 2.3 mg kg ±1 of dry soil. After evaporation of the solvent, the moisture content was adjusted to 40% ®eld capacity, and then soil samples were thoroughly mixed by passing them through a 2-mm sieve at least four times. Herbicide-treated soil samples were transferred to glass jars where they were incubated at 20°C for 72 days. The moisture content was maintained at a constant level throughout the experiment by adding distilled water as necessary. The soils were sampled periodically and frozen until analysed. Herbicide residues were extracted by shaking 10 g of duplicate soil samples with 15 mL of methanol for 24 h and extracts were analysed by HPLC. Methanol-extractable simazine was assumed to correspond to herbicide present in a potentially available form, and was used to distinguish between available herbicide residues in the soil and degraded or irreversibly bound herbicide (Cox & Walker 1999) .
Mineralization. Portions of unamended or amended soil (25 g) were placed in 250 mL glass biometer¯asks (Bellco glass) and spiked with 0.285 mL of an ethanol solution of ring-UL-14 C-simazine (80 000 dpm) and enough nonlabelled herbicide to give a concentration of 2.3 mg kg ±1 of dry soil. After evaporation of the solvent, the moisture content was adjusted to 40% ®eld capacity and maintained at constant level throughout the experiment. The¯asks were closed with rubber stoppers and incubated at 20°C for a period of 7 weeks. The side arm of the biometer¯ask contained 1 mL of 0.5 M NaOH to trap any 14 CO 2 released during the experiment. The NaOH solution was sampled periodically and replaced with fresh alkali. The amount of 14 CO 2 in the vials was determined by mixing the 1-mL aliquot of NaOH solution with 5 mL of Beckman Ready Safe Scintillation cocktail, followed by radioactivity measurement in a LD 5000 TD Beckman liquid scintillation analyser.
Leaching experiment
Leaching was studied in 30 Q 5 cm methacrylate columns made up of six, 5-cm long sections sealed with silicon. The top ring was ®lled with sea sand and the bottom ring with sea sand plus glass wool, to minimize losses of soil and contamination of leachates with soil particles. The other four rings were hand-packed with 600 g of unamended or amended soil. The bulk density of the soil columns (1.53 g cm ±3 ) was found to be very similar to that of undisturbed ®eld samples (1.49 g cm ±3 ). The soil columns were saturated with 0.01 M CaCl 2 and allowed to drain for 24 h. The calculated pore volume of the columns after saturation was 175T2 mL for the unamended soil, 189T3 mL for the soil amended with 5% SOMW, and 210T3 mL for the soil amended with 10% SOMW. The amount of simazine corresponding to its maximum application rate in soils (2.3 kg ha ±1 ) was applied to the top of the columns dissolved in 2.25 mL of methanol, which was allowed to evaporate for 24 h to minimize its effect on simazine transport. The columns were leached with 0.01 M CaCl 2 at a rate of 50 mL day ±1 until no herbicide was detected in the leachates. Leachates containing the herbicide were collected daily, ®ltered and analysed by HPLC. At the end of the leaching experiment, soil samples (20 g) from the different rings were extracted once with 30 mL of methanol by shaking mechanically at 20T2°C for 24 h. The suspensions were centrifuged, ®ltered, and analysed by HPLC in order to determine the residual amount of simazine at the different depths of the soil column. Preliminary experiments showed that this extraction procedure recovered >95% of the herbicide freshly applied to the soil. The leaching experiment was conducted in triplicate.
At the end of the leaching experiment, an aliquot of soil (1 g) was sampled from the bottom ring of the columns, dried at 90°C for 24 h, and its pore size distribution (from 4 Q 10 4 to 3.7 nm) was determined by mercury intrusion porosimetry using a Carlo Erba 2000 mercury intrusion porosimeter. A value for the surface tension of mercury of g = 0.48 N m ±1 and a mercury solid contact angle of q =171.3°were assumed to use the Washburn (1921) equation for the calculation of the pore size distributions.
R E S U L T S A N D D I S C U S S I O N
Sorption±desorption isotherms
Simazine sorption on soil greatly increased upon SOMW addition ( Figure 1, Table 2 ). Sorption increased with the amount of SOMW added, clearly indicating the role of the organic amendment in simazine sorption. While the simazine sorption isotherm on unamended soil was L-type (N f < 1) according to the Giles et al. (1960) classi®cation, a higher degree of linearity was observed for the sorption isotherms on amended soil, in particular for the soil amended with 10% SOMW (N f » 1, Table 2 ). Linear isotherms have previously been reported for the sorption of triazine herbicides, which may re¯ect the principal role of organic matter in the retention mechanism (Chiou 1989; Celis et al. 1998a; Cox et al. 2001) . The fact that variability between K f values was greatly reduced after normalization to the organic carbon content (K f-oc values in Table 2) indicates that organic matter played a fundamental role in simazine retention by the soils studied (Hamaker & Thompson 1972) . These K f-oc values are similar to those reported for simazine sorption on soil organic matter (Celis et al. 1998b , Cox et al. 2001 . It should be noted that conventional batch equilibrations produce sorption coef®cients that do not represent slow sorption and non-equilibrium effects, which are likely to operate in ®eld conditions. Therefore, a realistic modelling description of sorption under soil conditions would require a kinetic formulation of the sorption process. Nevertheless, in terms of relative values, a signi®cant increase in simazine sorption after SOMW addition to land can be expected from our data.
Simazine desorption branches from three different concentrations showed in general low or even negative hysteresis for both unamended and amended soils ( Figure  2 ), which indicates a high reversibility of the sorption± desorption process. Cases of negative hysteresis (i.e. the desorption branch lies below the sorption isotherm) have previously been found in sorption±desorption studies with triazine herbicides and were related to highly reversible sorption mechanisms (Barriuso et al. 1994; Celis et al. 1997) . Figure 2 shows that reversibility from high concentration points was even greater than that from low concentration points. This is probably the result of sorption site heterogeneity where irreversible, high energy sorption sites are occupied ®rst, that is, at lower herbicide concentration (Celis & Koskinen 1999) . The soil amended with 10% SOMW displayed ill-de®ned desorption isotherms, because the very high simazine sorption by this soil resulted in very low solution concentrations, which complicated the desorption analysis (Barriuso et al. 1994) .
Effect of SOMW amendment on the persistence of simazine in soil For both unamended and amended soils, the amount of simazine extractable with methanol decreased with incubation time (Figure 3a ). This behaviour is usually a combination of irreversible sorption and degradation of the chemical during the course of the incubation experiment. Although at short incubation times (i.e. <20 days), the amount of simazine extracted from the amended soils was similar or even less than that from the unamended soil, at longer incubation times the amounts of herbicide extracted from the amended soils were signi®cantly greater than those from the untreated soil. Thus, at the end of the incubation experiment (72 days), 50% of the herbicide applied to the soil amended with SOMW remained extractable, whereas a negligible amount of simazine was extractable from the original soil. Considering the amounts extractable with methanol as a measure of the amount of herbicide potentially available for transport and biological processes, these results indicate prolonged availability of simazine in the soil amended with SOMW compared to the unamended soil.
The extractability curve of simazine in the unamended soil showed a sharp decrease after a lag period of about 20± 30 days (Figure 3a) , which is characteristic of microbial degradation of pesticides utilized as microbial growth substrate (Kearney et al. 1997) . Similarly, mineralization results showed that 30% of the 14 C-simazine applied to the original soil was mineralized to 14 CO 2 within 50 days (Figure 3b) , also indicating that microbial degradation was a major cause of simazine disappearance in the unamended soil. Besides mineralization, irreversible sorption and formation of simazine degradation products different from CO 2 may have also contributed to reduce the extractability of simazine during the incubation experiment. In contrast to the unamended soil, very little mineralization of simazine occurred in the SOMW-amended soil (Figure 3b) , strongly indicating that the greater extractability of simazine from the amended soils observed in Figure 3a at longer incubation times was due to reduced microbial degradation. These results are in contrast to other studies where organic amendments promoted pesticide degradation in soil by stimulating microbial activity (Felsot & Dzantor 1990; Guo et al. 1993) . Possible causes for our ®nding are reduced availability of simazine to microorganisms as a result of herbicide sorption to the organic amendment, or a toxic effect of the organic amendment on the soil microbial population. Alternatively, soil microorganisms in SOMWamended soil may have preferentially used the organic Table 2 . Freundlich coef®cients for simazine sorption on unamended and amended soil. matter of SOMW as a carbon and energy source instead of simazine, but at the same time retaining the ability to slowly degrade the herbicide through co-metabolic reactions that do not cause it to release CO 2 (Bollag & Liu 1990) . Whatever the mechanism, our results showed that SOMW signi®cantly extended the persistence of simazine in SOMW-amended soils by reducing the rate of microbial degradation. Figure 4 shows relative and cumulative breakthrough curves of simazine in unamended and amended soil columns. A great decrease in simazine concentrations in leachates following SOMW addition to the soil was observed. The maximum concentration of simazine in leachates decreased from 4 mM in the unamended soil to 2 mM in the soil amended with 5% SOMW and to 1 mM in the soil amended with 10% SOMW. In addition, retardation of simazine breakthrough as a result of SOMW addition to the soil is evident in Figure  4a , where the position of the maximum concentration peak shifted from 550 mL of water added (11 days) in the unamended soil to 1400 mL (28 days) and 2500 mL (50 days) in the amended soils. These results are similar to those reported by Cox et al. (1997) , where addition of olive-mill wastewater to soil greatly retarded the vertical movement of the herbicide metamitron in handpacked soil columns. The authors concluded that both an increase in sorption and a reduction of soil porosity contributed to retard the movement of metamitron in the amended soil.
Leaching study
The pore size distributions of our soils, showing an increase in the volume of pores with radii about 10 mm after SOMW addition (Figure 5 ), could not account for the slower breakthrough of simazine in the amended soil (Cox et al. 1997) . This suggests that the sorptive properties provided by the organic matter of SOMW, more than a change in soil porosity, was responsible for the slower leaching of simazine observed in the amended soils. This is supported by the good correlation (R 2 =0.96) found between simazine retardation in soil columns (position of the Table 2 ) (Beck et al. 1993) . Cumulative breakthrough curves of simazine (Figure 4b ) show that total amounts of simazine leached from the soil columns were signi®cantly less for the amended soil (56% and 27%) than for the original soil (87%). Although some herbicide was extracted from the amended soil columns at the end of the leaching experiment (Table 3) , a signi®cant amount of the simazine applied to the amended soil columns was not recovered, either in leachates or by extraction of the soil after the leaching experiment. In contrast to batch sorption and degradation data, it appears that under column leaching conditions, SOMW addition enhanced degradation and/or irreversible sorption of simazine. This could have been the result of the longer residence time of the herbicide in the amended soil columns (>20 days) compared with that in the unamended soil column (<20 days) (Figure 4 ), which could have enhanced those processes. In any case, SOMW addition led to slower breakthrough and reduced leaching of simazine, suggesting that the use of this organic amendment may be helpful in decreasing the risk of groundwater contamination associated with leaching losses of simazine from the topsoil.
C O N C L U S I O N
Addition of the ®rst byproduct of the olive oil extraction technology (solid olive-mill waste, SOMW) to a sandy loam soil at application rates of 5% and 10% (w/w) greatly in¯uenced sorption, degradation and leaching of the herbicide simazine under laboratory conditions. The organic amendment enhanced sorption of simazine, which retarded its vertical movement through soil columns. Incubation studies showed much less mineralization and longer persistence of simazine in the soil amended with SOMW compared with the unamended soil. Since the most likely practice on farms would be incorporation of the waste into the top 20 cm of soil, our results indicate that SOMW application to agricultural land is likely to increase the residence time of simazine in the topsoil by enhancing sorption and reducing leaching and degradation losses. Although, in terms of absolute values, sorption and degradation in the ®eld may differ from those measured under laboratory conditions, our data strongly indicate that SOMW application could be useful to minimize losses of simazine from the topsoil, preventing loss of biological activity and decreasing the risk of offsite movement from the intended target area. This could allow the farmer to reduce the rates and frequency of simazine application while maintaining weed control ef®cacy. In summary, the results of this study illustrate how organic waste addition to soil can in¯uence the fate of other compounds used in agriculture, such as pesticides, revealing the importance of assessing these side-effects in order to optimize the use of soil amendments in agriculture as well as the soil-applied pesticide doses. 
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